Mixtures containing ibuprofen (IB) complexed with β-cyclodextrin (βCD) obtained by two complexation methods [suspension/solution (with water removed by air stream, spray-and freezedrying) and kneading technique] were processed into pharmaceutical dosage forms (minitablets and capsules). Powders (IB, βCD and IBβCD) were characterized for moisture content, densities (true and bulk), angle of repose and Carr's index, X-ray and NMR. 2.5 mm diameter minitablets and capsules were prepared from physical mixtures and IBβCD complexes without other excipients. Minitablets were characterized for the energy of compaction, tensile strength, friability, density and IB release (at pH 1.0 and 7.2), whereby capsules were characterized for IB release. The results from the release of IB were analyzed using different parameters, namely, the similarity factor (f 2 ), the dissolution efficiency (DE) and the amounts released at a certain time (30, 60 and 180 min) and compared statistically (α = 0.05). The release of IB from the minitablets showed no dependency on the amount of water used in the formation of the complexes. Differences were due to the compaction force used or the presence of a shell, for the capsules. The differences observed were mostly due to the characteristics of the particles (dependent on the method considered on the formation of the complexes) and neither to the dosage form nor to the complex of the IB.
Introduction
Drugs to be therapeutically active must dissolve in body fluids and permeate membranes to travel to other body compartments. These processes are complex in nature and become even more complex when drugs present poor solubility in water. The biopharmaceutical classification system (BCS) [1] presents a systematic organization of drugs based on both solubility and permeability. For instance, ibuprofen, a common non-steroidal and anti-inflammatory drug (NSAD) belongs to the class II, i.e., permeate membranes but poorly soluble in water drug [2, 3] . It follows that, an increase on the solubility in water is paramount to increase the dissolution rate of ibuprofen from solid dosage forms 'transforming' a class II into a class I drug presenting improved properties to be formulated thus, an easier and more obvious relationship between the drug's properties and its therapeutic activity becomes possible.
There is a panoply of available techniques to improve the solubility of a drug, many of them by physical modification of particulate material. For instance, particle size reduction by milling [4] or micronisation [5] increase the specific surface area; modification of the structure of the particles by increasing the amorphous fraction [6] or modification of the polymorph type [7] , promote a faster dissolution. The use of excipients such as surfactants [8] , formation of physical complexes (e.g. use cyclodextrins) [9, 10] , dispersion of the drug in carriers (e.g. formation of enteric mixtures [11] , solid dispersions [12] ) and chemical modification (e.g. soluble prodrugs or salts [13] ), also promote the dissolution of the drugs through their solubilisation.
The literature describes several techniques to form IBβCD complexes, namely coprecipitation [14] , complexation in a slurry [15] complexation in paste [16] , extrusion [17] and dry mixing [18] . In a previous study [19] it was described and characterised the formation of IBβCD complexes by two methods of preparation, followed by drying the materials by different techniques.
The present study aims to study the compressibility and compactability of the different mixtures containing βCD complexes without the use of any additional excipient, to evaluate the influence of the compaction force on the release of the drug, to evaluate the influence of the characteristics of particles produced (which were dependent on both preparation and drying methods) on the release of the drug and to confirm that the amount of water used on the process of complexation did not affect the complex (by monitoring the release of the drug).
Materials and methods

Materials
The model drug chosen for this study was (±)-Ibuprofen 20/35, (racemic α-methyl-4-[2-methylpropyl] benzeneacetic acid, pK a 4.4, IB) (supplied by Capsifar, Portugal). For the preparation of the solid dosage forms β-cyclodextrin (Wacker, Germany, βCD), lactose (Granulac 200 Meggle, Germany, LAC) and microcrystalline cellulose (Avicel PH 101, FMC Biopolymer, Ireland, MCC) were used. Hydroxypropylmethyl cellulose capsule shells (HPMC, nº3 shells, Qualicaps Europe, Spain) were considered instead of gelatine shells to prevent interferences of the later on ibuprofen quantification. Hydrochloric acid (pH 1.0) and phosphate buffer (pH 7.2) solutions were used as dissolution media [3] .
Methods
In general, mixtures of powders containing the inclusion complexes were obtained by two methods of preparation of the complexes: (a) suspension/dissolution with different processes of drying (air stream [AS], spray-drying [SD], freeze-drying [FD] and (b) kneading [K]) [19] .
Preparation and characterization of mixtures and inclusion complexes
All raw-materials used, were, if necessary, grounded in a mortar with a pestle and sieved (Resch, Germany): only fractions with particles below 250 µm were used. Table 1 summarizes the formulations for the mixtures considered in this study. 
Preparation of complexes from solutions/suspensions
The βCD was dissolved in an amount of water equivalent to its solubility (1.63 x 10 -2 M, at 25 ºC) and IB was added in a 1:1 stoichiometric ratio to βCD to produce 100 g of mixture [19] . The IB:βCD (suspension/solution) was shacken (250 rpm, magnetic stirrer) at 25 ± 1 ºC for a predetermined time (10 h) [19] . The water of the each suspension/solution was removed by spraydrying (SD) (Büchi MiniSpray Dryer B-191, Switzerland: inlet air temperature 125 ºC, outlet air temperature 98 ºC, aspirator set at 100% and flow rate set at 2.3 ml/min), by freeze-drying (FD) (Christ Alpha 1-4, B. Braun Biotech International, Germany: samples were previously frozen at -20 ºC and then dried at 4.5-7.0 µbar for 48 hours) and drying by stream of air (AS) (room temperature, 21 ºC, for 7 days).
Preparation of complexes by kneading
The IB and βCD mixtures were mixed in a 1:1 stoichiometric ratio in flasks for 10 min (Fisher-Kendall Scientific Co, USA). Kneading (K) followed by addition of either 30% (K30) or 70% (K70) (w/w) of the water to the mixtures of the powders (at 4 ml/min) in a mortar and gridding the mass with a pestle. The water was removed by evaporation from the mixture by continuous agitation.
References mixtures
Physical mixture (PM) containing IB and βCD and the mixtures with diluents (LAC or MCC instead of βCD) were produced in tumble mixer for 10 min (Fisher-Kendall Scientific Co, USA).
All dried binary mixtures obtained in different processes were also sieved (250 µm, Resch, Germany) and, if necessary, gridded in a mortar with a pestle for the production of particles with less than 250 µm in diameter.
Characterization of the mixtures of powders
The physical mixture and mixtures of powders containing inclusion complexes have been characterized as in a previous study by nuclear magnetic resonance (NMR) and X-ray diffraction (XRPD) (see below) [19] .
Quantification of the moisture content was performed on all mixtures and raw-materials in a moisture analyzer (Sartorius GmbH, Germany, at 100 ºC). A measuring cylinder (50 cm 3 ) were used for the assessment of the bulk and tap densities (Stampfvolumeter, Germany) [20] . The Carr index (IC r ) [21] was determined using the following equation:
where, D 0 is the initial bulk density and D f is the tap bulk density. The true density was determined by helium pycnometry (AccuPyc 1330, Micromeritics, USA). The flow properties of the powders were examined with an Erweka GT Granule tester (Erweka, Germany): powders were poured into a funnel and then allowed to pass through a nozzle of 15 mm diameter onto plate for 10 s. The angle of repose was found as the angle of the powder's cone to the plate.
Preparation and characterization of the minitablets
Biconvex, 2.5 mm diameter minitablets (10 mg containing 1.54 mg IB) were prepared manually according to the formulations shown in Table I . The minitablets were produced at compaction forces of 3.0, 6.5 and 10.0 kN with an upper punch speed of 10 mm/min, using a universal mechanical press (Lloyd Instruments LR 50K, UK): both force and displacement of the punch were recorded for each run.
The minitablets were stored at room temperature (21 ºC) and 65% relative humidity, before characterization, after 1, 2 hours and 7 days after production. The height and diameter of the minitablets were determined using a micrometer (Thumb Clamp Vernier Calipers, China). Tensile strength of the minitablets (σ t ) was measured in a crushing tester (CT5, Engineering systems, UK) at a loading rate of 6.9 mm/min until they crushed. The tensile strength was calculated according to Fell and Newton [22] :
where, P is the force required to crush the minitablets (N), D and h (m) are the diameter and thickness of the minitablets, respectively. Friability was measured in a friabilator (Erweka-Apparatebau, GmbH, Germany) [3] . To assess the effect of pressure on the complexes at the molecular level, minitablets were evaluated by both NMR (solid state) and XRPD techniques. The proton chemical shifts of internal βCD in the form of complex from powder mixtures (IBβCD AS and IBβCD FD) and their counterparts resulting from the grinding of the minitablets was recorded at 300 MHz (Bruker AVANCE Spectrometer III, Germany) with a high power emission (HP -1 kW) and rotation magic angle (MAS -15 kHz) in a high-resolution solid probe CP HPD-MAS-80 mm.
The particles crystal structure of the powder mixtures (IBβCD AS and IBβCD FD) and their counterparts resulting from the grinding of the minitablets was performed using a X-ray diffractometer (X-INEL) with a variable-geometry device equipped with a Max-Flux Optic graded multilayer monocromator (CuKα radiation) and a gas curved counter "INEL CPS 590" connected to a data acquisition computer-controlled system. The measurements were performed at room temperature (21 ºC).
In vitro dissolution tests were performed in a dissolution apparatus (Sotax model AT7, Switzerland) according to the paddle method (50 rpm) in a 1000 ml of hydrochloric acid solution (pH 1.0) or phosphate buffer (pH 7.2) at 37 ± 0.5 ºC [3] . The ibuprofen released was quantified spectrophotometrically with a UV/Vis spectrophotometer (U-2000, Hitachi, Japan) set at 221 nm, at predetermined times (10, 20, 30, 40 , 60, 90, 120, 180 and 1440 min). The cumulative fraction of the drug released was calculated from the total amount of ibuprofen in the dissolution vessel and plotted as a function of time. For the dissolution studies under sink conditions five weighted minitablets (50 mg, i.e., 7.69 mg IB) were placed in each vessel.
The data from the release of ibuprofen were analyzed using different dissolution parameters, namely, comparison of the amounts released at determined times (M tmin ), the dissolution efficiency (DE), the similarity factor (f 2 ) [23] by considering the physical mixture (PM) as reference and the percentages of drug released at some time intervals. Dissolution data, at some time points (M tmin ) (30, 60 and 180 min) was compared statistically by ANOVA and by post-hoc Tukey test (SPSS Statistics 17.0, SPSS Inc., Chicago, USA), at α = 0.05 significance level.
Preparation and characterization of HPMC capsules
An accurate amount (50 mg, i.e., 7.69 mg IB) of each powder mixture (Table 1) was manually filled into the capsule body. The filled capsules were submitted to the dissolution test at 50 rpm under the same conditions as described above (one per vessel).
Results and discussion
Properties of the powders and references mixtures
The moisture content of the raw-materials varied significantly between them (Table 2, upper part) and, consequently, the binary mixtures reflected these differences, but without proportionality pattern showing that the product end-point was more related to the processes of drying and less to the raw-material water content ( Table 2 , middle part). The results have also shown that different drying techniques yielded different products with different moisture contents ( Table 2 , lower part). This should be taken into consideration because the residual water may affect the formation of the complex and tabletting of the mixtures of materials, as shown by Frӧmming and Szejtli [24] who identified the optimal βCD compressibility for a moisture content around 14% and suggested that this water can be regarded as little bounded to the solid raw materials. As discussed elsewhere, freeze-and spray-drying techniques were more efficient on drying than the others, but the residual water seems to be useful to improve the powders flow ability and compressibility ( Table 2 , IC r and angle repose).
The morphology of the particles was also considered, as in a previous work [19] . The physical mixtures produced particles with sizes and shapes identical to the ones observed for the raw materials (electronic micrographs not shown). As an example, the physical mixture (IBβCD PM) is composed of rod-shaped particles (IB) and rectangular shaped (βCD) particles. For the other physical mixtures containing LAC or MCC, instead of βCD, the powders were composed of rodshaped particles (IB), rough irregular particles (LAC) and irregular shaped particles (MCC). On the other hand, the shape of the particles of powders produced in the presence of water became more spherical by opposition to the rod-shaped original particles, suggesting that new particles, such as complexes, were produced.
The bulk (D 0 ) and tap (D f ) densities ( Table 2 ) have shown that the raw-materials IB and LAC exhibit higher inter-particle porosity than βCD and MCC. The values of βCD are largely in line with those presented in the literature (0.42-0.49 and 0.74-0.76 g/cm 3 for the bulk and tapped densities, respectively) [24] . Looking at the powders processed, the formulations with a high interparticle porosity were observed for powders prepared by FD followed by AS and SD. These observations reflect more the properties of the powders produced by these techniques, than due to the production of complexes themselves. As a consequence, the analysis of the results for the Carr's index shows that low moisture contents produced higher compressibility and higher angles of repose of the materials. This suggests that the water had a binding effect by approaching particles (higher bulk and tap densities) and provided some lubrication (lower Carr's index and angle of repose) to the particles, as their size was kept constant. Nevertheless, all materials have shown poor flow properties ( Table 2 ). The Carr's index and angle of repose observations were confirmed on the preparation of the minitablets and capsules: would their preparation had been different from manual and a glidant had to be added to the formulations. This was particularly relevant for the powders produced by spray or freeze-drying, which are described as amorphous with small and porous particles [24, 25] . Looking at the true densities (expected and measured) the values for the raw materials are in agreement with the literature [19, 26] . When the densities were considered for the processed materials, the measured true density is normally lower than the expected, reflecting some degree of porosity in the new structures. However, the IBβCD SD and IBβCD FD have shown higher densities suggesting new particles have been formed which were different from the original ( Table 2 , lower part). This must be related to the process of drying the materials, whereby the removal of water must have contributed to approaching particles and promoting the formation of bonds between them. .
Minitablets
Compaction profiles
The compaction profiles obtained when low forces were applied to the mixtures (3.0 and 6.5 kN) did not show significant differences although a slight shift for higher displacements was observed for the 6.5 kN load. This shift was further emphasized when the materials were compacted at 10.0 kN (Table 3 , upper part and Fig. 1 ). As anticipated, higher the compaction forces applied, higher the energies absorbed by the materials, although differently. For instance, IBMCC has shown a delayed increase in force due to a higher repacking and plastic deformation of MCC. The IBβCD AS, IBβCD SD and IBβCD FD approached the IBMCC profile suggesting that these materials properties resemble the later one [27] . Fragmentation on repacking of particles under pressure can also be considered on explaining the higher energy absorbed [28] (Table 3) . 
Elastic recovery
All minitablets produced from the different mixtures failed to show significant axial recovery throughout the period of the test, i.e., elastic recovery of the materials was either inexistent or negligible emphasizing the fact that modifications under compaction were mostly due to repacking, breakage and plastic deformation of the materials. The Table 3 (middle part, tensile strength) shows the influence of the compaction force and formulation on the tensile strength of the minitablets. It is clear that an increase in the force was reflected on an increase on the tensile strength. However, the increase was not continuous and a threshold must exist between 3.0 and 6.5 kN, since the tensile strength for the lowest force is low. Considering the binary mixtures, minitablets made MCC have shown the highest tensile strength as suspected, but minitablets made from spray or freeze-dried materials have also shown high tensile strengths. One can find different explanations to these observations. On one hand, MCC is one of the best tabletting materials, on the other hand the SD and FD materials are the ones showing the largest ratio between the true and bulk densities suggesting a porous structure due to the process of drying, which under pressure can deform, allowing particles to bind to each other in a stronger way than particles prepared differently. The increase in compaction force promotes a higher deformation and fragmentation of particles leading to an increase in their surface areas, thus providing a greater contact between them with the establishment of a larger number and stronger bonds resulting in minitablets with high tensile strengths [25, 29] . In the present work, this principle was not observed for all systems, suggesting that some can accommodate the force without increasing the bonds (number and strength) between the particles due to differences on their surfaces. In general, the powders produced in the presence of water have provided minitablets with higher strength, particularly when compared with IBβCD PM. Again, this suggests that residual water or new particles formed made a contribution to this outcome. Table 3 (lower part, friability) shows the results for the friability of the different minitablets. High differences are observed and often difficult to explain, even when we assume that friability is difficult to correlate with other properties. The various moisture contents, the different compaction forces and absence of any additional excipient will be the likely explanation for these random values. In general, the increase of the compaction force produced less friable minitablets, although, this increase in load also caused capping or lamination to some minitablets, which influenced the results. Fig. 2 shows the different spectra obtained from the different powder mixtures and minitablets. The results have shown that the process compaction did not cause any changes in the molecular structures of the components of the powders mixtures analysed, as observed by the absence of chemical shifts in the proton. In fact, the spectra for the various mixtures was identical to the one of the respective raw materials. The differences observed in the height of the peak at the centre are related to the residual water in the existing powder; the powder mixture obtained by removing water by air stream showed a much more pronounced peak (related to water protons) than the mixtures obtained by removing water by freeze-drying. This difference proved the existence of different moisture contents in the mixture as mentioned previously [30] . Fig. 3 shows the X-ray diffraction patterns obtained from mixtures of raw materials and minitablets. Comparison of the two diffraction patterns (a) and (b) for each formulation, shows their similarity with almost complete overlapping. These results demonstrate that compaction of mixtures did not alter the materials crystallinity. The diffraction patterns of the two formulations showed a new peak when compared to the diffraction patterns of the raw materials, which suggests the presence of a new entity, inclusion complex IBβCD, as described previously [19] . 
Tensile strength and friability
Solid state nuclear magnetic resonance (MAS-HP-NMR)
X -Ray diffractometry (XRD)
Dissolution tests
pH 1.0
At pH 1, different compaction forces applied to the powders did not affect the release of IB for the same formulations (Fig. 4) , suggesting that the materials were able to accommodate the increasing forces applied. On the other hand, a distinctive difference on IB release between minitablets prepared by mixing the components (LAC, MCC, βCD) and those produced from IBβCD complexes can be observed. A faster release of IB from minitablets was due to the presence of IBβCD complexes. A finer analysis of the results shows that, when low forces were applied to the complexes (3.0 kN to the minitablets or filling the capsules) a difference between the complexed and no complexed IB was observed. However, when the force applied to the powders increased, complexes produced from FD and SD powders have shown a delay on releasing the drug. This might have been done to the structure of the particles, namely, specific surface area, porosity or balance between amorphous and crystalline fractions of materials, as discussed by other authors [25, 27, 28] and, consequently, different behaviours upon compaction. Table 4 resumes the data produced from the dissolution tests when analysed for M tmin , DE and f 2 for minitablets (compacted at 3.0 and 10.0 kN) and capsules. The fractions of IB released at certain times (M) (30, 60 and 180 min) from the various formulations of minitablets showed higher dissolution rates when compared with the reference minitablets, i.e., the ones produced from IBβCD PM. This observation confirms the existence in the mixtures of IB with βCD the ability to form complexes. As a consequence, the release of IB becomes identical to be complexes at 180 min. This can be explained based on the fact that complexation also might have occurred during the test of dissolution which is acceptable due the existence of free βCD and IB and consequently a higher solubility is obtained for the drug when in a complex form [28] . For the others two references (IBMCC and IBLAC) due to the absence of the βCD in the dissolution medium, the dissolution of IB was low, particularly when MCC was present, suggesting a controlled release effect over the IB release.
The values for the DE of the minitablets obtained from formulations containing complexes were similar at 180 min. The differences observed at 30 and 60 min for the SD and FD minitablets resulted from the different characteristics of the particles, which were dependent on the complexation methods and various drying processes, as discussed by other authors [27, 29] . These minitablets have also shown higher tensile strengths that may also explain this difference [29] . The mechanical properties of the reference minitablets also contributed to the lower values of DE, particularly for the ones containing MCC. Differences between minitablets were emphasized when the f 2 test was applied to each profile and compared to the one produced from the PM, where the f 2 values were well below 50 for the majority of the cases.
Statistical analysis of the results has shown that IB released from AS, K30, K70 and FD, minitablets and capsules, was not significantly different between them. Other techniques did show differences. This suggests that the amount of water was not relevant for the formation of the complex, i.e., complexes can be formed with small amounts of water present (e.g. kneading). It must be pointed out that at pH 1.0, IB is practically insoluble in water, thus the presence of βCD increases the dissolution rate dramatically. For all cases, the complete release of IB was reached within 1440 min. The dissolution profiles for IB released from the minitablets and capsules at pH 7.2 are shown in Fig. 5 . At pH 7.2 no significant differences between the releases of IB from the different minitablets were observed due to the high solubility of IB in the dissolution medium with the exception of IBMCC due to a controlled release effect of the later (Table 5 , Fig. 5 ). At this pH, the IB is released as a soluble salt, not as a free drug, thus the effect of complexation on the release of the drug was less critical for the successful outcome. The differences between dissolution profiles occurred mostly due to the characteristics of the particles which were dependent on both the complexation methods and the different processes of drying [27, 28] . The DE values for minitablets obtained from all formulations are similar at times 30, 60 and 180 min with the value for the last time close to 100%. Some differences observed were caused by a delay on the disintegration of minitablets and/or due to the different characteristic of particles [27, 30] .
The increase on pH led to a higher similarity between dissolution profiles produced from the different minitablets. That was reflected on the f 2 parameter with values close to 50, the threshold for similarity after comparison of the different profiles with the one produced from the physical mixture. The release from all minitablets corresponding to different formulations reached 100% at approximately 180 min. The statistical analysis between the results of the fractions of IB released has shown that no significant differences were observed at the different times.
The release of IB from capsules was mostly dependent on the disintegration of the shell than on the powders (Table 5 , Fig. 5 ), if one disregards the lag time, the release of IB becomes identical between formulations and comparable to the minitablets produced at 3.0 kN. The results for DE and f 2 were in agreement with the results discussed previously. Differences on DE and f 2 values are mostly due to the lag time observed for the disintegration of the capsule shell and some adherence of the powder mixture to the internal surface of the shell's walls, as observed visually. 
Conclusions
The work has confirmed that inclusion complexes between a model drug, ibuprofen and β-cyclodextrin was possible and that such complexes remained stable when particles were submitted to compaction forces, namely the crystalline state and the molecular structure of both chemical entities. Particles of the complex have shown a distinctive morphology from the ones observed in the raw materials.
The complex can be formed with different amounts of water: from small amounts (30%, w/w) to a solution, remaining stable after drying. Further, the presence of both drug and cyclodextrin as a physical mixture can produce a complex when placed in a water bath, such as a dissolution medium.
All mixtures of powder have shown poor flow abilities (Carr's index and angle of repose), implying that glidants must be added to these powders to enable their processability. The method of complexation and the final drying were critical to the flow behavior of the powders, because they have affected the characteristics of the particles of the complex, but not the complex itself.
The different powders considered did not show elastic recovery after tabletting, but repacking, breakage and plastic deformation must have occurred in the process of minitablet formation. The particles produced from spray-and freeze-drying techniques did produce minitablets with higher tensile strengths. In fact, it was possible to use cyclodextrin as a diluent (PM) or as a complexforming agent (AS, K30, K70, SD and FD).
Dissolution tests confirmed the increase in the IB dissolution rate. The formation of a complex by the different methods had a higher impact on the dissolution of IB from either minitablets or capsules. Comparison of the dissolution profiles and dissolution parameters (Mtmin, DE and f2) has shown that the effect of the complex on the release of ibuprofen was more evident at low pH (low solubility in water). In this case, fast and complete release of the drug was achieved in few minutes (30 min) compared to the long time release observed with the mixtures of ibuprofen without cyclodextrin.
